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A methacrylate based, water soluble, polycationic second generation dendronized polymer (denpol de-PG2) was used for 

the preparation of de-PG2-enzyme conjugates. Aspergillus sp. glucose oxidase (GOD) and horseradish peroxidase 

isoenzyme C (HRP) were covalently bound to the denpol, using a UV/vis traceable bis-aryl hydrazone (BAH) linker, to form 

two different de-PG2-BAH-enzyme hybrid structures, each carrying several copies of either GOD or HRP on a single denpol 

chain (on average ≈50 GOD or 108 HRP bound per denpol chain). In addition, a conjugate with several copies of both types 

of enzymes on the same polymer chain was synthesized (≈25 GOD and 78 HRP). These denpol-BAH-enzyme conjugates 

were found to be useful for the immobilization of the enzymes on unmodified silicate glass surfaces via simple adsorption 

of the conjugates from solution in one single step. The adsorbed conjugates strongly adhered to the glass surface due to 

multiple interactions between the conjugates and the surface. The conjugate adsorption was characterized with the 

transmission interferometric adsorption sensor (TInAS) and by AFM imaging, which showed formation of a homogenous 

thin layer of the conjugates. Additionally, the catalytic activity and stability of the immobilized enzymes were determined 

and the conjugates were used for the simple fabrication of enzymatic flow reactors for catalyzing a cascade reaction which 

involved both enzymes, either through a sequential immobilization of the two enzymes, or through a co-immobilization. In 

both cases, the two enzymes remained highly active during continuous operation at room temperature for at least several 

hours without any desorption of the enzymes from the surface. Overall, the methodology presented can be considered as 

promising platform for a desired (co-)localization of active enzymes on solid supports. 

1. Introduction 

The immobilization of enzymes on solid surfaces has been 

studied for many years, following the pioneering work of 

Katchalski and others in the 1960s.
1,2

 Often, a covalent binding 

of the enzyme molecules to an organic or inorganic surface is 

achieved by using one of the different methodologies that 

have been developed over the years.
3−16

 One example is the 

covalent surface binding of enzymes through a reaction of 

nucleophilic free amino groups of surface exposed lysine 

residues of the enzymes with electrophilic centres on 

previously modified solid surfaces (e.g. an epoxide or an 

aldehyde); or by using appropriate bifunctional spacer 

molecules as molecular linkers between the surface and the 

enzymes to keep the enzymes at some distance from the 

surface.
3
 In these ways, enzymes can be grafted to silicates.

5
 

Alternatively, enzyme immobilization through non-covalent 

adsorption on free or modified solid surfaces is also 

possible.
3,6,17,18

 One particular recent example is the non-

covalent immobilization of enzymes on anionic supports via an 

adsorption of enzyme chimeras harbouring a polycationic 

polypeptide at the N-terminus of the enzyme produced in E. 

coli.
19−21 

Covalently or non-covalently immobilized enzymes are applied 

in various areas, ranging from the large scale synthesis of fine 

chemicals, food additives and pharmaceuticals
10,20−25

 to small 

scale biosynthesis and bioanalysis.
26−34

 For any novel enzyme 

immobilization method, the enzymes’ catalytic efficiency, the 

operational stability of the immobilized enzymes and the ease 

of preparation are important to consider.
16

 In addition to the 

development of miniaturized devices based on immobilized 

enzymes, there is growing interest in the development of 

strategies for the co-immobilization of different types of 

enzymes for carrying out localized enzymatic cascade reactions 

involving different types of immobilized 

enzymes.
4,5,7,8,16,17,23,26,29,33,35−40

 The work about which we 

report here contributes to this field. We present a simple and 

efficient method for the non-covalent immobilization of 

different types of enzymes. The idea for the experiments 

carried out stems from two of our previous successful studies 
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with dendronized polymers, as briefly outlined in the 

following. 

In a first previous investigation we have demonstrated that 

enzymes can be immobilized for bioanalytical applications 

non-covalently on SiO2 surfaces with the help of the biotin-

avidin system and a second generation dendronized polymer 

(denpol), abbreviated as de-PG2 (Fig. 1).
41,42

 This dendronized 

polymer contains a second generation dendron with four de-

protected amino groups at the periphery on every repeating 

unit of the polymethacrylate polymer chain. Therefore, the 

denpol de-PG2 is polycationic and water soluble at pH values 

below about 8. The synthesis of analogous denpols – all with 

the same type of branching structure in the dendritic repeating 

unit – is possible up to at least the eighth generation 

(PG8).
43−45

 Compared to a conventional linear polymer, such as 

poly-L-lysine (PLL), denpols of the type de-PG1 to de-PG8 have 

increased chain thickness, chain stiffness, and surface charge 

density with increasing generation. De-PG2 (Fig. 1) strongly 

binds to SiO2 surfaces, even if it is partially biotinylated.
41

 This 

was demonstrated with de-PG2 molecules which contained on 

average about 1000 repeating units, de-PG21000.
41

 The strong 

binding probably is due to the many amino groups along the 

denpol chain (≈ 4000 amines per chain). Through an 

adsorption of the partially biotinylated de-PG21000 on glass 

surfaces, followed by addition of avidin and then biotinylated 

enzymes, the immobilization of horseradish peroxidase 

isoenzyme C (HRP), Aspergillus sp. glucose oxidase (GOD) and 

E. coli β-galactosidase (β-Gal) could be achieved and applied 

successfully, both within glass micropipettes
42

 and within 

microfluidic channels.
46

 The three different types of enzymes − 

β-Gal, GOD, and HRP −  were immobilized spatially separated 

in a defined and desired sequence, first β-Gal, then GOD, and 

finally HRP, for allowing the quantitative determination of 

lactose on the basis of enzymatic cascade reactions involving 

the three enzymes.
42,46

 In that previous work, de-PG2 served 

as a kind of “glue”, a soft organic layer for keeping the enzyme 

on the surface (non-covalent adsorption). The biotin-avidin 

system was used as macromolecular linker unit for attaching 

the enzymes to the adsorbed denpol,
47

 whereby the denpol-

enzyme conjugates were prepared in situ on a solid glass 

surface.  

In the second previous investigation, we have demonstrated 

that denpol-enzyme conjugates can be prepared in aqueous 

solution employing a covalent bis-aryl hydrazone (BAH) linkage 

instead of the biotin-avidin system.
48,49

 In that work, the 

denpols de-PG12000 and de-PG22000 were used and it could be 

shown that it is possible to attach not only one type of enzyme 

but also two different types of enzymes - bovine erythrocyte 

superoxide dismutase (SOD) and HRP - to one and the same 

denpol chain, whereby the two enzymes remained catalytically 

active.
48,49

 

In the work which we present here, we combined the two 

previous approaches: denpol-BAH-enzyme conjugates were 

first prepared in solution, followed by their adsorption on a 

solid support. This allowed the easy co-immobilization of two 

different types of enzymes on glass surfaces. The two enzymes 

used were HRP and GOD. Both enzymes (i) are well suited for 

biosensor and enzymatic fuel cell applications,
50−52

 (ii) catalyze 

two sequential steps of an enzymatic cascade reaction, and (iii) 

are commercially available in high purity and at an affordable 

price. The denpol applied was again de-PG2 (Fig. 1), this time 

with a number average degree of polymerization of 1400, i.e. 

de-PG21400. Compared to the denpol-mediated enzyme 

immobilization via the biotin-avidin system developed 

previously,
41,42,46

 our novel approach with the denpol-BAH-

enzyme conjugates is simpler and the two enzymes can be 

immobilized not only spatially separated, but also in close 

proximity to each other at a defined ratio of the two enzymes 

(through an adsorption of conjugates containing both 

enzymes). To the best of our knowledge, this is the first time 

that such type of co-immobilization under retention of the 

enzymes’ activities could be achieved. This approach is 

promising for the straightforward fabrication of devices which 

are based on the spatially controlled localization of different 

types of enzymes at a desired ratio, for example in 

microreactors.
26 

2. Materials and methods 

2.1 Materials 

Aspergillus sp. glucose oxidase (GOD, product GLO-2022, Lot 

9448520002, 242 U/mg, EC 1.1.3.4, M ≈ 153 kDa) and 

horseradish peroxidase isoenzyme C (HRP, product PEO-131, 

grade I, lot 2131616000, 278 U/mg, EC 1.11.1.7, M ≈ 44 kDa) 

were from Toyobo Enzymes.
53

 De-PG21400 (Pn ≈ 1400, PDI ≈ 4.7) 

was synthesized by Dr. Baozhong Zhang, following a procedure 

described previously.
43

 Silicate microscopy glass coverslips  

were obtained from Science Services, Germany (round 

coverslips, 8 mm diameter) and Knittel Gläser (rectangular 

coverslips, cut to 12.5 x 8 mm). Glass micropipettes 

(intraMARK 200 µL) were purchased from Brand, Germany. 

Succinimidyl 6-hydrazinonicotinate acetone hydrazone (S-

HyNic) and succinimidyl 4-formylbenzoate (S-4FB) were 

synthesized by Dr. Andrea Grotzky as described earlier.
48,54

 

2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) 

diammonium salt (ABTS
2-

), o-phenylenediamine (OPD), D-

glucose, and sodium dihydrogenphosphate were purchased 

from Sigma-Aldrich (Switzerland). Sodium chloride and 

hydrogen peroxide were obtained from Merck (Switzerland) 

and 3-(N-morpholino)propanesulfonic acid (MOPS) and 2-(N-

morpholino)ethanesulfonic acid (MES) were purchased from 

AppliChem (Germany). 
 

2.2 Buffer solutions 

All buffer solutions were prepared with Milli-Q water at room 

temperature and the pH was controlled with a pH-meter 

(Mettler-Toledo FE20). All reactions were carried out at room 

temperature (T ≈ 25 °C). Buffer-1: 100 mM MOPS, 150 mM 

NaCl, pH 7.6. Buffer-2: 100 mM MES, 150 mM NaCl, pH 4.7. 

Buffer-3: 10 mM NaH2PO4, 150 mM NaCl, pH 7.2. Buffer-4: 10 

mM NaH2PO4, 150 mM NaCl, pH 5.0. Buffer-5: 100 mM MES, 

1.15 M NaCl, pH 4.7. Buffer-6: 10 mM NaH2PO4, 150 mM NaCl, 

pH 7.0. 

Page 2 of 14RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3  

Please do not adjust margins 

Please do not adjust margins 

 
 

Figure 1. Chemical structure of the deprotected second generation denpol de-PG2 and schematic representation of the various steps involved for the synthesis of the 
denpol-BAH-enzyme conjugates prepared and used in this work. Step : Modification of de-PG2 with S-HyNic to yield de-PG2-HyNic. Step : Modification of GOD 
with S-4FB to yield GOD-4FB. Step : Modification of HRP with S-4FB to yield HRP-4FB. Step : Reaction of de-PG2-HyNic with HRP-4FB to yield de-PG2-BAH-HRP. 
Step : Reaction of de-PG2-HyNic with GOD-4FB to yield de-PG2-BAH-GOD. Step : Reaction of de-PG2-BAH-GOD with HRP-4FB to yield de-PG2-BAH-(GOD, HRP). 
See the Materials and methods for details. GOD: glucose oxidase; HRP: horseradish peroxidase; S-4FB, succinimidyl 4-formylbenzoate; S-HyNic, succinimidyl 6-
hydrazinonicotinate acetone hydrazone; BAH, bis-aryl hydrazone. 

 

2.3 UV/vis-spectrophotometers 

UV/vis-absorption measurements were carried out with a 

JASCO V-670 spectrophotometer from Jasco Inc. (Japan), or a 

Specord S 600 diode array spectrophotometer from Analytik 

Jena (Germany), using either quartz or polystyrene cuvettes. 

The quartz cuvettes were pretreated with de-PG2 solutions to 

minimize adsorption of the conjugates. For the determination 

of the activity of the enzymes immobilized inside glass 

micropipettes, a Z-flow cell (from Ocean Optics) was 

connected to the outlet of the micropipette and a buffered 

assay solution was pumped through the system. The 

absorption spectrum of the solution inside the flow-cell was 

measured with an Ocean Optics USB2000+ spectrometer, 

connected to the cell with a 400 μm optical fiber, all purchased 

from GMP SA, Renens, Switzerland. 

 

2.4 Preparation of de-PG2-HyNic  (Fig. 1). 

Modification of de-PG2 with succinimidyl 6-

hydrazinonicotinate acetone hydrazone (S-HyNic) was 

performed as described earlier.
48

 De-PG2 was dissolved in 

buffer-1 at a concentration of 2 mg/mL. The repeating unit 

concentration was determined by UV/vis-spectrophotometry 

at 285 nm (ε285nm= 5000 M
−1

cm
−1

).
41

 0.4 equivalents S-HyNic 

per repeating unit were added from a 20 mM stock solution 

prepared in dry DMF. After 4 h at room temperature, the 

reaction was stopped by addition of an equal volume of buffer-

2 and hydrolyzed S-HyNic was removed by repetitive 

ultrafiltration with buffer-2 in an Amicon Ultra-0.5 mL 

ultrafiltration device, 50 kDa MWCO (Millipore, Switzerland). 

The HyNic concentration in the retentate was determined by 

derivatization with 4-nitrobenzaldehyde
54 

and the repeating 

unit concentration was determined with the trypan blue 

assay.
48

 

 

2.5 Preparation of GOD-4FB and HRP-4FB  (Fig. 1) 

GOD was dissolved at a concentration of 20 mg/mL in buffer-3 

and the stabilizers contained in the enzyme preparation were 

removed by repetitive ultrafiltration with buffer-3 in an 

Amicon Ultra-0.5 mL ultrafiltration device, 50 kDa MWCO. The 

concentration of purified GOD was determined by UV/vis-

spectrophotometry at 450 nm (ε450nm= 28200 M
−1

cm
−1

).
55

 To a 

50 μM solution of GOD 1.2 equivalents of succinimidyl 4-

formylbenzoate (S-4FB) were added from a 5 mM stock 

solution in dry DMF. After 4 h at room temperature, 

hydrolyzed S-4FB was removed by repetitive ultrafiltration 

with buffer-2 in a 50 kDa MWCO ultrafiltration device. The 4FB 
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concentration was determined by derivatization with 2-

hydrazinopyridine as described by Solulink,
54

 with slight 

modifications. 5 μL GOD-4FB as obtained from ultrafiltration 

were added to 995 μL of 500 μM 2-hydrazinopyridine 

dihydrochloride in buffer-2 and the changes in the UV/vis 

spectra were monitored for 6 h with a spectrophotometer. The 

absorbance at 450 nm allows determination of the GOD 

concentration, while the increasing signal at 350 nm allows 

quantification of the 4FB linker (ε350nm= 24500 M
−1

cm
−1

). 

Modification of HRP with a 4FB-linker was performed as 

described earlier.
48

 

 

2.6 Preparation of de-PG2-BAH-HRP  (Fig. 1) 

The synthesis of de-PG2-BAH-HRP  (Fig. 1) was performed as 

described before,
48

 with slight modifications. De-PG2-HyNic 

and HRP-4FB were mixed in buffer-2 containing 10 mM aniline 

at a HyNic concentration of 75 μM and a 4FB concentration of 

50 μM. The aniline acts as a nucleophilic catalyst in the bis-aryl 

hydrazone formation as described by Dirksen and Dawson.
56

 

The reaction was monitored in situ by UV/vis-

spectrophotometry (see Fig. S1, SI), and after 3.5 h the excess 

enzyme was removed by repetitive ultrafiltration with buffer-4 

on a Amicon Ultra-4 ultrafiltration device, 100 kDa MWCO. 

 

2.7 Preparation of de-PG2-BAH-GOD  (Fig. 1) 

De-PG2-HyNic and GOD-4FB were mixed in buffer-5 at a 

concentration of 75 μM HyNic and 50 μM 4FB. The BAH 

formation was monitored by UV/vis-spectrophotometry, see 

Fig. S2 (SI). After 16 h, de-PG2-BAH-GOD was precipitated four 

times from 60% saturated ammonium sulfate by addition of 

1.5 times the sample volume of saturated ammonium sulfate 

solution, followed by incubation for 15 min, centrifugation for 

20 min at 16000 x g, removal of the supernatant and re-

dissolving the pellet in buffer-4. Under these conditions, free 

GOD and GOD-4FB remain in solution and are removed in the 

supernatant. Remaining ammonium sulfate was removed from 

the de-PG2-BAH-GOD solution by repetitive ultrafiltration with 

buffer-4 in a Centrisart I 300 kDa MWCO ultrafiltration device 

(Sartorius Stedim, Switzerland). 

 

2.8 Preparation of de-PG2-BAH-(GOD,HRP)  (Fig. 1) 

The two-enzyme conjugate was synthesized in a sequential 

reaction of de-PG2-HyNic with GOD-4FB in a first step and 

HRP-4FB in a second step. De-PG2-HyNic and GOD-4FB were 

mixed in buffer-5 at a concentration of 100 μM HyNic and 50 

μM 4FB. The reaction was monitored by UV/vis 

spectrophotometry for about 16 h by carrying out the reaction 

inside a quartz cuvette with a path length of 0.1 cm, Fig. 2. 

After this time, further increase in absorbance at 354 nm due 

to the formation of the BAH bond was negligible. Then, HRP-

4FB was added to the reaction mixture to a concentration of 

50 μM 4FB. The HyNic concentration after this dilution was 

about 75 μM. Again, the reaction of de-PG2-BAH-GOD with 

HRP-4FB could be monitored by UV/vis spectrophotometry for 

16 h, after which time the increase in absorbance at 354 nm 

was negligible.
57

 The de-PG2-BAH-(GOD,HRP) conjugate was 

purified by precipitation from 50 % saturated ammonium 

sulfate by addition of a volume of saturated ammonium 

sulfate solution corresponding to the reaction volume 

recovered from the UV/vis cuvette. The precipitation was 

performed 4 times with 15 min incubation after addition of the 

ammonium sulfate, 20 min centrifugation at 16000 x g and re-

dissolving the pellet in buffer-4. Under these conditions, free 

GOD, GOD-4FB, HRP and HRP-4FB remained in solution and 

could be removed from the de-PG2-BAH-(GOD,HRP) conjugate 

effectively. Remaining ammonium sulfate was removed from 

the solution by repetitive ultrafiltration with buffer-4 using a 

Centrisart I 300 kDa MWCO ultrafiltration device (Sartorius 

Stedim, Switzerland). 

 

 

Figure 2. Continuous monitoring of the formation of de-PG2-BAH-(GOD, HRP) at 
pH = 4.7 and T = 25 °C by UV/vis spectrophotometry, recording changes in the 
absorbance at λ = 354 nm (A354 nm) originating from the formation of the BAH 
bond and an increase in turbidity (see text for details). In a first step, the 
formation of de-PG2-BAH-GOD occurs upon mixing solutions of de-PG2-HyNic 
and GOD-4FB (up to about 1250 min ≈ 21 h). Afterwards, a further increase in 
A354 nm occurs upon addition of a solution of HRP-4FB to yield de-PG2-BAH-(GOD, 
HRP), followed up to about 2600 min (≈43 h). Path length = 0.1 cm.  

 

2.9 AFM analysis 

For the analysis of single chains of denpol and denpol-BAH-

enzyme conjugates, a 20 µL aliquot of each solution (20 µM 

repeating unit concentration for de-PG2, about 2 µM repeating 

unit concentration for the denpol-BAH-enzyme conjugates, 

respectively) was deposited onto freshly cleaved mica, 

incubated for 2 minutes, rinsed with Milli-Q water and dried by 

air. For the analysis of the adsorbed denpol and denpol-BAH-

enzyme conjugates on glass, the microscopy glass coverslips 

were prepared as for the enzymatic activity measurements 

(see below) and mounted on metallic support for AFM 

measurements. AFM measurements were performed by using 

a MultiMode VIII Scanning Probe Microscope (Bruker, USA) 

operated in intermittent mode under ambient conditions. The 

microscope was covered with an acoustic hood to minimize 

vibrational noise. AFM cantilevers (Bruker, USA) for tapping 

mode in soft tapping conditions were used at a vibrating 

frequency of 150 kHz. Images were simply flattened using the 
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Nanoscope 8.1 software, and no further image processing was 

carried out. 

 

2.10 TInAS measurements 

The adsorption of the denpol-BAH-enzyme conjugates on SiO2 

coated sensor chips was monitored with a transmission 

interferometric adsorption sensor (TInAS).
58,59

 The SiO2 sensor 

surface was cleaned with toluene and 2-propanol (3 times 

each for 10 minutes in a sonication bath) and subsequent 

oxygen plasma cleaning for two minutes. After assembly of the 

flow cell, the sensors were equilibrated with buffer-4 and 

mounted on the TInAS instrument. All measurements were 

performed with a constant flow rate of 20 µL/min at room 

temperature. During solution changes, the flow rate was 

increased to 0.4 mL/min to assure a rapid exchange of the 

solution inside the flow cell and to minimize diffusion effects. 

For the adsorption of the denpol de-PG2 a solution at a 

concentration of 20 µM (repeating unit concentration) in 

buffer-4 was used. For the adsorption of the denpol-BAH-

enzyme conjugates, a solution containing the conjugate at a 

concentration of about 2 µM (repeating unit concentration) 

was used. The evaluation of the adsorption was performed 

according to Sannomiya et al.
59

 using the refractive index 

increment of dn/dc = 0.140 cm
3
 g

-1
 for de-PG2,

41
 and a 

calculated refractive index increment for the three different 

denpol-BAH-enzyme conjugates, as determined in the 

following way: the molecular weight of HRP was taken as 44 

kDa, containing an average of 20 mass% of glycosylation,
60

 and 

for GOD, a molecular weight of 153 kDa as specified by the 

supplier
53

 and a carbohydrate content of 16.2 mass%
61

 was 

considered for the calculations. The values for dn/dc for the 

different conjugates was calculated as a linear combination of 

the values of the single components, denpol, protein and 

protein-glycosylation, taking into account their contribution to 

the total mass of the conjugates and using a value of dn/dc = 

0.186 cm
3
 g

−1
 for the protein and dn/dc = 0.136 cm

3
 g

−1
 for the 

glycosylation.
62

 The calculated values for the prepared 

conjugates (see below) were dn/dc = 0.170 cm
3
 g

−1
 for de-

PG21400-BAH-HRP108, dn/dc = 0.174 cm
3
 g

−1
 for de-PG21400-BAH-

GOD50, and dn/dc = 0.173 cm
3
 g

−1
 for de-PG21400-BAH-

(GOD25,HRP78). 

 

2.11 Adsorption of denpol-BAH-enzyme conjugates 

 2.11.1 Adsorption onto microsopy glass coverslips. Round 

coverslips (8 mm diameter, total surface 1 cm
2
) and 

rectangular coverslips (1.25 cm x 0.8 cm, total surface 2 cm
2
) 

were cleaned by bath sonication in ethanol (3 times 10 min; 

Bandelin Sonorex RK 100H) and dried with nitrogen. After 

wetting of the coverslips with buffer-4, a diluted solution of 

the denpol-BAH-enzyme conjugate was added (about 2 µM 

repeating unit concentration), as established for the TInAS 

measurements. After 1 h at room temperature, the denpol-

BAH-enzyme solution was removed and the coverslips were 

washed 3 times with fresh buffer-4 and 3 times with buffer-6. 

Between the activity measurements for the determination of 

the storage stability, the coverslips were kept in buffer-6 in 

closed 2 mL polypropylene reaction tubes at 4 °C. 

 2.11.2 Adsorption inside glass micropipettes. The glass 

micropipettes were cleaned 3 times by sonication in ethanol 

for 10 min and dried with nitrogen. After wetting the inner 

surface with buffer-4, a diluted solution of the denpol-BAH-

enzyme conjugate (about 2 µM repeating unit concentration) 

was filled into the micropipette for adsorption on the inner 

glass surface. After 1 h at room temperature, the solution was 

removed and the micropipette was washed 3 times with fresh 

buffer-4 and 3 times with buffer-6. For storage, the 

micropipettes were filled with buffer-6 and kept at 4 °C. 

 

2.12 Enzyme activity measurements 

The activities of the two enzymes, HRP and GOD, were 

determined at pH = 7.0 by applying two established assays, as 

outlined in detail below. For HRP, the substrates were ABTS
2-

 

and hydrogen peroxide (H2O2) and the formation of the ABTS
•-

 

radical was followed spectrophotometrically at λ = 414 nm 

(ε414nm= 36000 M
−1

cm
−1

).
48,63

 The activity of GOD was 

measured with a coupled assay with HRP and its substrate OPD 

by using D-glucose and dissolved dioxygen (O2) as substrates 

for GOD.
33 

In brief, the oxidation of D-glucose by GOD/O2 

yields glucono-δ-lactone and H2O2 as products; the formed 

H2O2 − in presence of excess HRP – leads to a quantitative 

oxidation of OPD to 2,3-diaminophenazine (DAP) which can be 

followed spectrophotometrically at λ = 418 nm (ε418nm= 16700 

M
−1

cm
−1

).
64

 For an estimation of the amount of glass surface-

adsorbed active GOD and HRP ({GOD}apparent and {HRP}apparent, 

respectively, expressed in pmol/cm
2
), the determined activities 

of the adsorbed enzymes were compared with the activities of 

known amounts of enzymes measured in bulk solution under 

the same conditions, see SI, Fig. S3 and Fig. S4. 

 

 2.12.1 Activity of denpol-BAH-enzyme conjugates 

adsorbed on microscopy glass coverslips. For measuring the 

activity of HRP, the storage buffer (buffer-6) was removed 

from the polypropylene reaction tubes containing the glass 

coverslips and the coverslips were washed with fresh buffer-6. 

After removal of the washing buffer, a substrate solution 

containing 1 mM ABTS
2-

 and 200 µM H2O2 in buffer-6 was 

added to the reaction tubes. After a defined reaction time, 

typically 1 min, the assay solution was removed from the 

reaction tubes and the coverslips were washed with fresh 

buffer-6. The assay solution was immediately analyzed by 

UV/vis spectrophotometry using 1 cm polystyrene cuvettes, 

and the ABTS
•-

 radical formation was determined from the 

increase in absorbance at λ = 414 nm (ΔA414nm). The obtained 

ΔA414nm / time values were correlated with ΔA414nm / time 

values obtained under the same conditions of substrate 

concentrations and pH with known amounts of HRP, see the 

calibration curve in Fig. S3 (SI). 

For measuring the GOD activity, the storage buffer (buffer-6) 

was removed and the coverslips were washed with fresh 

buffer-6. After removal of the washing buffer, an assay 

solution containing 3.45 mM D-glucose, 3.14 mM OPD,
65

 and 2 
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nM HRP in buffer-6 was added to the reaction tubes containing 

the coverslips. The reaction tubes were incubated at room 

temperature and protected from light and after a defined 

reaction time, typically 20 min, the assay solution was 

removed and the coverslips were washed with buffer-6. The 

assay solution was analyzed by UV/vis spectrophotometry 

immediately after removal using 1 cm polystyrene cuvettes, 

and the formation of DAP was determined from the increase in 

absorbance at λ = 418 nm (ΔA418nm). The obtained ΔA418nm / 

time values were correlated with ΔA418nm / time values 

obtained under the same conditions of substrate 

concentrations and pH with known amounts of GOD, see the 

calibration curve in Fig. S4 (SI). 

For measuring the cascade activity of co-immobilized GOD and 

HRP, a similar assay as for measuring the GOD activity was 

applied, except that the assay solution did not contain any 

additional HRP, i.e. a solution of 3.45 mM D-glucose and 3.14 

mM OPD
65

 in buffer-6 was used. 

 

 2.12.2 Activity and stability of denpol-BAH-enzyme 

conjugates adsorbed inside glass micropipettes. The activity 

and stability of GOD and HRP during continuous substrate 

conversion was monitored by using a continuous flow system 

connected to UV/vis detection. For the sequential enzymatic 

cascade, a glass micropipette with adsorbed de-PG2-BAH-GOD 

was connected with a short silicone tubing to a micropipette 

with adsorbed de-PG2-BAH-HRP. A substrate solution 

containing 3.45 mM D-glucose and 0.25 mM ABTS
2-

 in buffer-6 

was supplied from a reservoir via PTFE tubing and the product 

formation was monitored online using a UV/vis 

spectrophotometer connected to a flow cell. The flow rate was 

controlled using a peristaltic pump P-1 from Pharmacia-LKB. 

For the analysis of the co-immobilized GOD and HRP, a single 

glass micropipette with adsorbed de-PG2-BAH-(GOD,HRP) was 

installed in the same setup. 

3. Results and discussion 

3.1 Preparation of denpol-BAH-enzyme conjugates 

The general procedures which we used for the stepwise 

synthesis of the denpol-BAH-enzyme conjugates are 

summarized in Fig. 1. The deprotected denpol de-PG2 was 

modified first in solution at pH = 7.6 through a reaction of 

some of the amino groups of de-PG2 with S-HyNic 

(succinimidyl 6-hydrazinonicotinate acetone hydrazone), 

yielding de-PG2-HyNic (reaction  in Fig. 1). GOD and HRP 

were modified separately in solution at pH = 7.2 with S-4FB 

(succinimidyl 4-formylbenzoate) through a reaction of amino 

groups of lysine side chains which are localized on the surface 

of the two enzymes, yielding GOD-4FB (reaction  in Fig. 1) 

and HRP-4FB (reaction  in Fig. 1). The experimental 

conditions were chosen such that most of the modified 

enzyme molecules contained one 4FB unit. Three types of 

denpol-BAH-enzyme conjugates were then prepared in 

solution at pH = 4.7: de-PG2-BAH-HRP (through a reaction of 

dissolved de-PG2-HyNic with dissolved HRP-4FB, reaction  in 

Fig. 1), de-PG2-BAH-GOD (through a reaction of de-PG2-HyNic 

with GOD-4FB, reaction  in Fig. 1); and de-PG2-BAH-(GOD, 

HRP) (through a reaction of de-PG2-BAH-GOD with HRP-4FB, 

reaction  in Fig. 1). For experimental details, see the 

Materials and methods. 

The extent of modification of de-PG2 with S-HyNic (reaction  

in Fig. 1) and the extent of modification of GOD and HRP with 

S-4FB (reactions  and  in Fig. 1) were determined by 

quantifying spectrophotometrically the amount of denpol 

bound HyNic with 4-nitrobenzaldehyde and the amount of 4FB 

bound to the enzymes with 2-hydrazinopyridine (see Materials 

and methods). The determined molar substitution ratio 

(MSR)
48

 for HyNic in de-PG2, MSR(HyNic)de-PG2 was 0.16 (given 

per repeating unit, r.u.),
48

 the MSR for 4FB in GOD, 

MSR(4FB)GOD, was 0.65, and MSR(4FB)HRP = 0.85. This means 

that the de-PG2-HyNic we prepared for this work had about 

every 6
th

 r.u. one HyNic. Since each r.u. carries four peripheral 

amino groups, the molar ratio of HyNic to amino groups was 

1/25 = 0.04, i.e. about 4% of all amino groups of de-PG2 were 

modified with HyNic. These HyNic groups had the potential to 

react with the 4FB groups bound to GOD or HRP, whereby 

MSR(4FB)enzyme <1 indicates that most modified enzymes had 

one 4FB unit.
48,66

 Unmodified enzymes did not react with de-

PG2-HyNic and were removed during work-up (see Materials 

and methods).  

Since the formation of the bis-aryl hydrazone (BAH) bond at 

pH = 4.7 is accompanied by an increase in light absorption at λ 

≈ 350 nm,
54,66

 the conjugation of the 4FB-modified enzymes to 

the HyNic-modified denpol can be analyzed 

spectrophotometrically. If the concentrations of the reacting 

denpol and enzymes are chosen appropriately, the BAH bond 

formation can be monitored in real time by performing the 

conjugation reaction within a quartz cuvette inside a UV/vis 

spectrometer.
48,49,66

 Fig. 2 shows the change in absorbance at 

λ = 354 nm, A354 nm, as a function of time after mixing solutions 

of the modified denpol and the modified enzymes at pH = 4.7 

and T = 25 °C. The tracing on the left hand side of Fig. 2 reflects 

the formation of de-PG2-BAH-GOD as it occurred after mixing 

aqueous solutions of de-PG2-HyNic and GOD-4FB, while the 

tracing on the right hand side illustrates the succeeding 

formation of de-PG2-BAH-(GOD, HRP), i.e. the changes in 

A354nm, occurring after adding an aqueous solution of HRP-4FB 

to the de-PG2-BAH-GOD solution. For both steps in Fig. 2, the 

time required for reaching “equilibrium”, i.e. reaching 

conditions where only a slow increase in A354nm with time 

occurred, was about 16-17 h. The reaction of de-PG2-BAH-

GOD with HRP-4FB was possible (i) since de-PG2-BAH-GOD still 

contained reactive HyNic units, and (ii) since the benzaldehyde 

moiety of HRP-4FB could reach these HyNic units along the de-

PG2-BAH-GOD chain. In this way a denpol-BAH-enzyme 

conjugate could be prepared which contained both enzymes, 

GOD as well as HRP, similarly to what we achieved previously 

in the case of denpols containing SOD and HRP.
48,49

 

Finally, the conjugate de-PG2-BAH-HRP was prepared by 

reacting de-PG2-HyNic with HRP-4FB, in the same way as 

described previously.
48,49

 BAH bond formation was again 
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monitored by measuring the changes in A354 nm with time after 

mixing solutions of de-PG2-HyNic and HRP-4FB, see Fig. S1 (SI). 

All three denpol-BAH-enzyme conjugates were purified, i.e. 

separated from free enzymes, as described in the Materials 

and methods. 

 

3.2 Characterization of the denpol-BAH-enzyme conjugates 

 3.2.1 Estimation of amount of enzyme bound to the 

denpol. The advantage of the BAH bond over other linkers is 

its quantifiability through simple UV/vis absorption 

measurements, see Fig. 2 and Fig. S1 and Fig. S2 (SI).
48,49,54,66

 

With the known molar extinction coefficient at λ = 354 nm 

(354 nm = 29000 M
−1

cm
−1

)
54

 the MSR values for de-PG2-HyNic, 

GOD-4FB and HRP-4FB could be determined, see Materials and 

methods. In the same way the BAH concentration in solutions 

of de-PG2-BAH-HRP could also be quantified.
48,49

 Typically, de-

PG2-HyNic at a HyNic concentration of 75 µM was reacted at 

pH = 4.7 with HRP-4FB at a 4FB concentration of 50 µM 

(reaction  in Fig. 1) yielding de-PG2-BAH-HRP with a BAH 

concentration of 36 µM. This means that de-PG2-BAH-HRP 

contained on average every 13 r.u. one HRP molecule. For a 

denpol with 1400 r.u. 108 HRP molecules were bound along 

the denpol chain. Since MSR(HyNic)de-PG2 = 0.16 (corresponding 

to 0.16 x 1400 = 224 HyNic per 1400 r.u. long denpol), there 

were still 116 (= 224-108) unreacted HyNic in this 1400 r.u. 

long denpol, as well as 5376 free amines.
67

 

For de-PG2-BAH-GOD, a precise determination of the amount 

of BAH is hindered by the concomitant appearance of turbidity 

during the formation of de-PG2-BAH-GOD (reaction  in Fig. 

1). This denpol-BAH-enzyme conjugate becomes so large 

during conjugate formation that it leads to a scattering of light, 

as can easily be seen between  = 850 and 550 nm where 

there should be no light absorption caused by the denpol, the 

enzyme, or the BAH linker, see Fig. S2 (SI). Therefore, the 

measured changes in “A354nm” during the conjugate formation 

with GOD are due to BAH bond formation as well as due to an 

increase in turbidity. Similar problems were encountered in 

the synthesis of de-PG2-BAH-(GOD,HRP) (reaction  in Fig. 1). 

For this reason, the amount of BAH bond formed in these two 

GOD-containing conjugates could only be estimated roughly. 

With the measured increase in “A354nm”, the maximum amount 

of BAH-bonds in the GOD-containing conjugates was 

calculated as upper limit in the same way as described for de-

PG2-BAH-HRP, taking into account the measured ΔA354 nm (Fig. 

2). The value obtained for a denpol with 1400 r.u is 149 GOD 

molecules per denpol chain for de-PG2-BAH-GOD and 75 GOD 

molecules in the case of de-PG2-BAH-(GOD,HRP) which 

contained 78 HRP molecules. These values for GOD clearly are 

overestimations. The true values are probably about 30-50 % 

of this maximal value. 

 3.2.2 Activity of the denpol-BAH-enzyme conjugates in 

solution. The enzymatic activities of dissolved de-PG2-BAH-

HRP, de-PG2-BAH-GOD, and de-PG2-BAH-(GOD, HRP) were 

measured (i) with ABTS
2-

 and H2O2 (for the activity of HRP), (ii) 

with D-glucose, free HRP and OPD (for the activity of GOD), 

and (iii) with D-glucose and OPD (for the combined activities of 

GOD and HRP), see Materials and methods. Both enzymes 

were still active when bound to de-PG2 in all three conjugates 

prepared. Detailed activity measurements of HRP were already 

carried out previously with de-PG22000-BAH-HRP.
49

 The new 

determinations of the activity of HRP bound to de-PG1400 are in 

good agreement with these earlier measurements, although 

two different batches of de-PG2 were used, de-PG22000 

(previously)
49

 and de-PG21400 (this work). 

For GOD, the conjugates prepared in this work are novel. Since 

we encountered difficulties in precisely determining the BAH 

content in the conjugates (see above), a quantification of the 

percentage of active GOD in the two conjugates, de-PG2-BAH-

GOD and de-PG2-BAH-(GOD,HRP) was difficult and could only 

roughly be estimated by taking into account ΔA354 nm and the 

contribution of turbidity, as described above.
68

  

As a result, and expressed with the abbreviations used 

previously,
48,49

 the three denpol-BAH-enzyme conjugates 

prepared in this work were de-PG21400-BAH-HRP108, de-PG21400-

BAH-GOD≈50,
68

 and de-PG21400-BAH-(GOD≈25,HRP78),
68

 

indicating that a denpol chain of 1400 r.u. contained about 108 

HRP molecules in the case of de-PG2-BAH-HRP, about 50 GOD 

molecules in the case de-PG2-BAH-GOD, and about 78 HRP 

and 25 GOD molecules in the case of de-PG2-BAH-(GOD,HRP). 

 3.2.3 Visualization of the denpol-BAH-enzyme conjugates 

by AFM. The denpol-BAH-enzyme conjugates and free denpol 

(de-PG21400) were deposited from aqueous solutions onto 

freshly cleaved mica and visualized in the dry state by AFM. 

Representative 3D AFM images with corresponding 

longitudinal height profiles are display in Fig. 3; for de-PG21400 

(Fig. 3a), for de-PG21400-BAH-HRP108 (Fig. 3b), for de-PG21400-

BAH-GOD≈50 (Fig. 3c) and for de-PG21400-BAH-(GOD≈25, HRP78) 

(Fig. 3d). Similarly to our previous visualization of de-PG12000-

BAH-(HRP120,SOD60) and de-PG22000-BAH-(HRP120,SOD60),
49

 the 

bound enzymes are distributed along the denpol chain. Very 

rarely, segments of denpol without enzymes can be found. The 

height of the free denpol is similar to previously reported 

results
49

 and the “longitudinal profile” (height profile traced 

along the adsorbed denpol chain) has values around 1.5 nm. 

The longitudinal height profiles for the denpol-BAH-enzyme 

conjugates have higher values compared to the free denpol 

confirming the sufficient binding of the enzymes to the denpol. 

Furthermore, there are no free enzymes, indicating that 

enzyme adsorption only occurs if the enzyme is denpol-bound. 

The differences in the height profiles for de-PG2 (Fig. 3a, 

around 1.5 nm in height), de-PG21400-BAH-HRP108 (Fig. 3b, 

between about 1.5 and 5.5 nm in height) and de-PG21400-BAH-

GOD≈50 (Fig. 3c, between about 4 and 16 nm in height) 

correlate with the expected sizes of the conjugates considering 

the size of the enzymes attached to the denpol (M(HRP) ≈ 44 

kDa, M(GOD) ≈ 153 kDa
53

). In the case of de-PG21400-BAH-

(GOD≈25,HRP78), the height profile is more heterogeneous with 

more pronounced variations along the chain than for the other 

conjugates, but a clear identification of the two different types 

of enzymes is not possible. 
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Figure 3. Tapping mode 3D AFM images of de-PG2 (a), de-PG2-BAH-HRP (b), de-PG2-BAH-GOD (c), and de-PG2-BAH-(GOD,HRP) (d) on mica with corresponding 
longitudinal height profiles along individual chains given as indicated with differently coloured lines (black, red,  blue, purple, and green). The height variations 
indicated in black in the graph (a) correspond to the transversal height profile along the straight black line in the AFM ima ge. 

3.3 Immobilization of the denpol-BAH-enzyme conjugates 

 3.3.1 Overview. The denpol-BAH-enzyme conjugates were 

immobilized on SiO2 surfaces by simple adsorption from an 

aqueous solution. The adsorption process was first 

investigated with a transmission interferometric adsorption 

sensor (TInAS) on sensor chips which were coated with SiO2 

particles (sputtered SiO2), see Materials and methods. 

Afterwards, the optimal conditions found with these TInAS 

measurements were applied for the adsorption of the 

conjugates on microscopy glass coverslips and on the inner 

wall of glass micropipettes. In both cases, the activity and 

stability of the enzymes were measured. Apart from the 

activity of both enzymes, GOD and HRP, a two-enzyme cascade 

reaction involving both immobilized enzymes was investigated 

as well: the oxidation of D-glucose to glucono-δ-lactone and 

H2O2, catalyzed by GOD with dissolved O2 as oxidant, followed 

by the oxidation of ABTS
2-

 to ABTS
•−

 with the formed H2O2, 

catalyzed by HRP. 

 3.3.2 TInAS measurements. The TInAS allows quantitative 

analysis of the adsorbed dry mass on a surface of interest, as 

described by Heuberger and Balmer.
58

 The denpol-BAH-

enzyme conjugates were applied on the SiO2 coated sensor as 

a dilute solution in buffer-4 at a concentration of about 2 µM 

r.u., see Materials and methods. For all of the three different 

denpol-BAH-enzyme conjugates, the adsorbed mass stabilized 

at a level of 550-650 ng/cm
2
 after about 60 min under these 

conditions (Fig. 4). Differences in the enzyme size were not 

reflected in these TInAS measurement, which yield average 

surface coverage.
58,59

 Therefore, it may be that de-PG2-BAH-

HRP adsorbed more densly than de-PG2-BAH-GOD or de-PG2-

BAH-(GOD,HRP). During subsequent washing of the sensor 

with buffer-4, there was no trace of desorption of the 

adsorbed mass from the surface within at least one hour, 

indicating a stable immobilization of the enzymes even 

without covalent attachment on the SiO2 surface. In control 

measurements with unmodified de-PG2, the adsorbed mass 

stabilized at a value of about 250 ng/cm
2
 (Fig. 4). Also in the 

case of the unmodified denpol, no desorption was observed 

during subsequent rinsing of the sensor with buffer-4, 

confirming the very stable adsorption of the polycationic 

polymer on the SiO2 surface as reported earlier.
41,42

 Based on 

an average adsorbed mass of 600 ng/cm
2
 for the conjugates, 

the amount of immobilized HRP can be calculated to be 11 

pmol/cm
2
 in the case of adsorbed de-PG21400-BAH-HRP108 and 

5.6 pmol/cm
2
 in the case of adsorbed de-PG21400-BAH-

(GOD≈25,HRP78). Similarly, the amount of immobilized GOD was 

calculated to be 3.4 pmol/cm
2
 in the case of adsorbed de-

PG21400-BAH-GOD≈50 and 1.8 pmol/cm
2
 with adsorbed de-

PG21400-BAH-(GOD≈25,HRP78).
69,70

 These values are in the same 

order of magnitude as reported previously for enzymes 

immobilized by other methodologies involving both 

covalent
71−73

 or non-covalent bonds.
41,42,70,74,75

  

 3.3.3 Immobilization on microscopy glass coverslips. To 

further analyze the immobilized denpol-BAH-enzyme 

conjugates, the same adsorption procedure as established for 

the TInAS measurements was applied for the immobilization of 

de-PG2-BAH-HRP, de-PG2-BAH-GOD or de-PG2-BAH-

(GOD,HRP) on microscopy coverslips. These coverslips were 

then used for the analysis of the enzymatic activity and for a 

characterization of the homogeneity of the adsorbed 

conjugate layers by AFM after drying. 

 AFM measurements. Fig. 5 shows the 3D AFM images with 

corresponding transversal height profiles for de-PG2 (Fig. 5a), 

for de-PG2-BAH-HRP (Fig. 5b), de-PG2-BAH-GOD (Fig. 5c) and 

de-PG2-BAH-(GOD,HRP) (Fig. 5d), adsorbed on microscopy 

glass coverslips as used for the activity measurements (see 

below). The distribution of the denpol-BAH-enzyme conjugates 

on the surface is quite homogenous without large aggregates. 

AFM images with the scan size of 15 microns/edge are 

displayed in Fig. S5 in the ESI. The corresponding transversal 

height profiles show that for most of the adsorbed denpol-

BAH-enzyme conjugates deposition occurs as one layer. There 

are, however, some areas with overlapping chains (bright 
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spots in Fig. 5). This is relevant for the substrate accessibility of 

the enzymes. 

 

Figure 4. Adsorption of the denpol de-PG2 and the synthesized denpol-BAH-
enzyme conjugates on sputtered silica surfaces monitored with the transmission 
interferometric adsorption sensor (TInAS). After equilibration of the flow cell 
with buffer-4, a solution of de-PG2 (A), de-PG2-BAH-HRP (B), de-PG2-BAH-GOD 
(C) or de-PG2-BAH-(GOD,HRP) (D) was injected, respectively. The adsorbed mass 
of the denpol-BAH-enzyme conjugates is higher than for de-PG2, without 
significant differences between the different conjugates. After stabilization of 
the adsorbed mass, desorption was probed by injecting buffer-4 into the flow 
cell (↑). Neither in the case of de-PG2 nor the denpol-BAH-enzyme conjugates 
any desorption was detected. 

 

 Enzyme activity measurements. Enzyme activities were 

evaluated using assays based on either the direct 

transformation of a chromogenic substrate in the case of HRP 

or an HRP coupled assay in the case of GOD. In both cases, the 

conversion was analyzed spectrophotometrically and 

correlated to the activity of the native enzymes in solution. 

Such comparison with appropriate calibration curves (see Fig. 

S3 and Fig. S4 (SI)) allows the determination of an apparent 

concentration of active enzyme per surface area 

{enzyme}apparent. 

 

For the quantification of HRP, the substrates ABTS
2-

 and H2O2 

were used. A surface of 1 cm
2
 with immobilized de-PG21400-

BAH-HRP108 exhibited an enzymatic activity corresponding to 

1.4 pmol HRP in bulk solution, i.e. {HRP}apparent = 1.4 pmol/cm
2
 

for a de-PG21400-BAH-HRP108-coated glass surface. 

The analysis of the enzymatic activity of immobilized de-

PG21400-BAH-GOD≈50 was performed exploiting the cascade 

reaction including GOD and HRP as described by Fornera et 

al.
42

 using D-glucose, OPD and dissolved O2 as substrates and 

providing an excess of HRP in the assay solution for the second 

reaction step, see Materials and methods. This assay implied 

an apparent amount of active GOD {GOD}apparent of 1.3 

pmol/cm
2
 for a de-PG21400-BAH-GOD≈50-coated glass surface.  

The immobilized de-PG21400-BAH-(GOD≈25,HRP78) was similarly 

analyzed for GOD and HRP activity. In this case, the 

determined amount of active HRP on the glass coverslips was 

{HRP}apparent = 0.33 pmol/cm
2
 and of GOD {GOD}apparent = 0.28 

pmol/cm
2
. 

Comparing the activity based estimation of the apparent 

amount of immobilized enzyme (correlating the activity to bulk 

solution activities) and the TInAS based estimation (by 

calculation of the amount of adsorbed enzymes as part of the 

total adsorbed mass of the conjugates), it is clear that the 

estimated amounts based on activity were in all cases lower 

than the estimated amounts from the TInAS analysis. For de-

PG21400-BAH-HRP108 the values were 1.4 pmol HRP/cm
2
 

(enzyme activity) vs. 11 pmol HRP/cm
2
 (TInAS), for de-PG21400-

BAH-GOD≈50 1.3 pmol GOD/cm
2
 vs. 3.4 pmol GOD/cm

2
; and for 

de-PG21400-BAH-(GOD≈25,HRP78) 0.33 pmol HRP/cm
2
 and 0.28 

pmol GOD/cm
2
 vs. 5.6 pmol HRP/cm

2
 and 1.8 pmol GOD/cm

2
. 

There are at least two reasons for these differences. First, the 

given values are only estimations which involve several 

assumptions (see above). Second, the immobilized enzymes 

are expected to behave differently than dissolved free 

enzymes due to a restricted enzyme mobility and due to a 

restricted access of the substrate molecules to the enzymes’ 

active sites if the enzymes are immobilized.
16,76

 A 

quantification and an estimation of the relative contributions 

of these effects is difficult and not possible to us at the 

moment. In any case, there is no doubt that at least a part of 

the immobilized enzymes is catalytically active. The question 

we then addressed was, whether the enzymes remain also 

active during operation and storage. 

 Stability of the immobilized enzymes. Immobilized GOD and 

HRP are quite stable if stored in wet state at 4 °C. To evaluate 

the storage stability of the immobilized denpol-BAH-enzyme 

conjugates, the coverslips were stored at pH = 7.0 and T = 4 °C. 

For immobilized GOD, a remaining activity of 80 % was 

observed after 10 weeks, indicating a good stability under 

these conditions (Fig. 6). In the case of immobilized HRP, the 

activity dropped considerably to about 50 % within the first 

week, but then stabilized at this level during further storage 

(Fig. 7). Similar behaviors were observed for GOD and HRP 

immobilized with de-PG2 and the biotin-avidin system.
41,42

 

Interestingly, the storage stability of HRP was improved 

considerably compared to the stability of the conjugate 

containing only HRP, as there was no significant reduction in 

activity after 3 weeks of storage (Fig. 8). In terms of GOD 

activity, the storage stability of the immobilized de-PG2-BAH-

(GOD,HRP) conjugate was comparable to the stability of the 

conjugate containing only GOD, with an activity of about 85 % 

after three weeks storage (Fig. 8). Additionally, the 

immobilized de-PG2-BAH-(GOD,HRP) conjugate was assayed  
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Figure 5. Tapping mode 3D AFM images of microscopy glass coverslips coated with de-PG2 (a), de-PG2-BAH-HRP (b), de-PG2-BAH-GOD (c), and de-PG2-BAH-
(GOD,HRP) (d) with corresponding translational height profiles along the indicated white lines. The height analysis confirms formation of a si ngle layer of adsorbed 
denpol or denpol-BAH-enzyme conjugate, respectively, with a layer thickness consistent with the thickness of the different conjugates as observed in Fig. 3. 

 

for catalysis of the enzymatic cascade reaction. For this 

purpose, a solution of D-glucose and OPD was added to de-

PG2-BAH-(GOD,HRP)-coated microscopy coverslips, but unlike 

in the GOD assay, no additional HRP was added. Under these 

conditions, the observed DAP formation could be attributed 

exclusively to the enzymatic cascade reaction catalyzed by 

GOD and HRP immobilized through the adsorption of de-PG2-

BAH-(GOD,HRP). During storage at 4 °C, the activity decreased 

to about 75 % within three weeks. 

 
Figure 6. Storage stability of de-PG2-BAH-GOD adsorbed on glass coverslips 
stored at 4 °C in buffer-6. The enzymatic activity of GOD was measured using D-
glucose and dissolved O2 as substrates in a coupled assay with HRP and its 
chromogenic substrate OPD. The apparent concentration of active enzyme 
immobilized on the glass surface, {GOD}apparent, was determined by using a 
calibration made with known amounts of free GOD in solution, see Fig. S1 (SI). 
The means and standard deviations are given as obtained from 3 measurements.  

 

 

Figure 7. Storage stability of de-PG2-BAH-HRP adsorbed on glass coverslips 
stored at 4 °C in buffer-6. The enzymatic activity of HRP was determined using 
ABTS

2-
 and H2O2 as substrates and the apparent enzyme concentration 

{HRP}apparent was determined using a calibration with known amounts of HRP in 
solution, see Fig. S2 (SI). The means and standard deviations are given as 
obtained from 3 measurements. 
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Figure 8. Storage stability of de-PG2-BAH-(GOD,HRP) adsorbed on glass 
coverslips stored at 4 °C in buffer-6. The enzymatic cascade reaction was 
monitored using D-glucose and dissolved O2 as substrates for GOD and the 
chromogenic HRP substrate OPD. The activities of GOD and HRP were monitored 
individually as described above (Fig. 6 and Fig. 7, respectively). The means and 
standard deviations are given as obtained from 3 measurements. 

 3.3.4 Immobilization inside glass micropipettes. Using the 

denpol-enzyme conjugates described above and commercially 

available glass micropipettes, the production of enzyme 

reactors for continuous flow operation could be achieved in a 

single adsorption step by simple filling of the glass 

micropipette with a dilute solution of the conjugate. Such 

micropipettes were used to analyze the operational stability of 

the two immobilized enzymes in two different setups: i) 

sequentially immobilized and ii) co-immobilized, see Materials 

and methods and Fig. 9a. To monitor the catalytic activity of 

the enzymatic cascade, a continuous feed of substrate was 

delivered with a peristaltic pump to the micropipettes in a flow 

reactor setup and the product formation was monitored for 

several hours using a Z-flow cell for online UV/vis 

spectrophotometric analysis. 

 Two-enzyme cascade reaction of sequentially immobilized 

GOD and HRP. A glass micropipette with adsorbed de-PG2-

BAH-GOD was connected to a micropipette with adsorbed de-

PG2-BAH-HRP and a substrate solution containing D-glucose, 

ABTS
2-

 and dissolved O2 was fed to the micropipettes. The 

formation of ABTS
•-

 due to the enzymatic cascade reaction was 

monitored online at the outlet and the stability of the enzymes 

was determined in terms of decrease in the rate of ABTS
•-

 

formation during continuous operation. For such a system, no 

significant decrease in activity was measured during the two 

hours of observation, see Fig. 9b. 

 Two-enzyme cascade reaction of co-immobilized GOD and 

HRP. Similar to the measurements of the sequential enzymatic 

cascade reaction, the co-immobilized GOD and HRP inside a 

glass micropipette, prepared by adsorption of de-PG2-BAH-

(GOD,HRP) was analyzed in terms of operational stability by 

using the same substrate solution and a similar flow rate. 

Analysis of the conversion indicated retention of more than 90 

% of the initial activity after 2 h of operation, comparable to 

the sequentially immobilized enzymes, and still about 80 % of 

the initial activity after 6 hours of continuous operation, see 

Fig. 9c. 

 Calculated catalytic cycles. For the sake of curiosity we 

calculated the average substrate conversion for each 

immobilized enzyme in the micropipette flow reactor during a 

total operation time of 2 hours under the condition used in the 

experiments shown in Fig. 9. Assuming that the amounts of 

immobilized GOD and HRP for the co-immobilization setup 

(Fig. 9c) were 1.8 pmol GOD/cm
2
 and 5.6 pmol HRP/cm

2
, 

respectively, a micropipette cut to 7 cm length contained 

about 6.3 pmol GOD and 19.6 pmol HRP.
77

 From the average 

product concentration measured during the first two hours of 

operation and considering the flow rate of 140 µL/min and a 

stoichiometry as indicated in Fig. 9a, each HRP converted 4800 

molecules of ABTS
2-

 to ABTS
•-

, and each GOD converted 7400 

molecules of D-glucose to glucono-δ-lactone. 

4. Conclusions 

We have demonstrated the successful synthesis of three 

different denpol-enzyme conjugates in aqueous solution by 

using a bis-aryl hydrazone (BAH) linker chemistry. Tracking the 

UV/vis signature of the BAH bond formed during conjugation 

allowed to estimate the average composition of the denpol-

BAH-enzyme conjugates, yielding de-PG21400-BAH-HRP108, de-

PG21400-BAH-GOD≈50, and de-PG21400-BAH-(GOD≈25,HRP78). The 

conjugates were characterized by AFM (in a dry state after 

deposition on mica and on glass coverslips) and by enzyme 

activity measurements. AFM analysis showed a uniform 

distribution of the enzymes along the denpol chain, indicating 

efficient conjugate formation.  In the case of de-PG21400-BAH-

(GOD≈25,HRP78), the preparation of a conjugate carrying two 

different types of enzymes, GOD and HRP, was possible by 

applying a strategy developed in our previous work in which 

denpol-enzyme conjugates were prepared which contained 

HRP and SOD;
48,49

 the larger enzyme was attached first (GOD 

in this work, HRP previously
48,49

), followed by the attachment 

of the smaller enzyme (HRP this work, SOD previously
48,49

). 
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Figure 9. a) Scheme of the flow reactors prepared with glass micropipettes containing immobilized enzymes. The sequential setup (top) contained a first micropipette 
with immobilized GOD (as de-PG2-BAH-GOD) connected to a second micropipette with immobilized HRP (as de-PG2-BAH-HRP), while the co-immobilization of GOD 
and HRP (bottom), as de-PG2-BAH(GOD,HRP), allowed the formation of a flow reactor using only one glass micropipette. The conversion of the chromogenic 
substrate ABTS2- was monitored by online UV/vis analysis and the flow rate was controlled using a peristaltic pump. Oxidation of D-glucose with dissolved O2 
catalyzed by GOD yields glucono-δ-lactone and H2O2, which in turn acts as oxidant to form the ABTS•- from ABTS2- in the presence of catalytic HRP. The level of 
product formation was used as an indicator of the enzyme stabilities for the sequentially immobilized GOD and HRP (b) and for the co-immobilized GOD and HRP (c) 
under operating conditions. 

 

The conjugates were used for the immobilization of the two 

enzymes GOD and HRP on glass surfaces, either separately or 

in combination, in a single step by simple exposure of the glass 

surface to a dilute aqueous solution of the corresponding 

conjugate. This adsorption step was quantified with the TInAS 

which indicated reproducible formation of a stable layer of 

denpol-BAH-enzyme conjugates on SiO2 surfaces without any 

sign of desorption; AFM imaging confirmed the formation of 

homogeneous layers on the surface of microscopy glass 

coverslips and indicated absence of enzymes which were not 

bound to the denpol. Although the immobilization of the 

denpol-BAH-enzyme conjugates occurred via non-covalent 

interactions, the conjugates remained strongly bound to the 

silica surface due to many contacts between the conjugate and 

the surface (no enzyme desorption from the surface). Using 

this enzyme immobilization technique allowed (i) the coating 

of glass coverslips for the quantification of the enzymatic 

activity and (ii) the preparation of a simple flow reactor using 

glass micropipettes. In such a flow reactor system, the 

operational stability of the enzyme was demonstrated in a 

sequential setup using de-PG2-BAH-GOD and de-PG2-BAH-HRP 

as well as in a setup using the simultaneous co-immobilization 

of GOD and HRP with de-PG2-BAH-(GOD,HRP). The high 

storage and operational stabilities of the immobilized enzymes 

can be correlated to the fact that denpol-BAH-enzyme 

conjugates do not desorb from the surface. This is − in 

combination with the simplicity of the enzyme immobilization 

involving a single adsorption step from a dilute aqueous 

solution of the conjugate only − a key characteristics of our 

novel enzyme immobilization methodology. In contrast to our 

earlier study using a sequential immobilization protocol 

involving the non-covalent biotin-avidin linker system,
41,42

 the 
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adsorption in the approach presented here is not only 

mediated by the polycationic denpol but most probably also 

involves a considerable contribution from the enzyme. In other 

words, the strong and stable adherence of the denpol-BAH-

enzyme conjugates to SiO2 surfaces is caused by multiple non-

covalent interactions between the silicate surface and 

unmodified denpol repeating units as well as between the 

silicate surface and the denpol-bound enzymes. This results in 

a positioning of the enzyme molecules at some distance to the 

surface as well as close to it, which is seen as an advantage for 

enzymatic fuel cell applications in which electron transfer 

between an oxidative enzyme and an electrode occurs directly 

between the enzyme and the electrode and not through a 

mediator.
50,52

 Even though the catalytic activity of the enzymes 

might be impaired by enzyme-surface interactions,
16,78

 the 

introduction of the BAH linker system allows the formation of 

a dense enzyme layer, which is an important prerequisite for 

the successful co-immobilization of the two enzymes GOD and 

HRP, as presented in this work. Based on the success of the 

elaborated approach and the promising results obtained so 

far, we have recently shown that a spatially controlled enzyme 

localization by using denpol-enzyme conjugates is also possible 

in the case of mesoporous silicates.
79

 This demonstrates the 

potential of the approach as versatile enzyme-immobilization 

methodology complementary to already existing procedures. 

Furthermore, the denpol-mediated enzyme immobilization 

protocol may also be used for cascade reactions combining 

immobilized enzymes and organocatalysts.
80
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